BNC2 is an extremely conserved zinc finger protein with important functions in the development of craniofacial bones and male germ cells. Because disruption of the Bnc2 gene in mice causes neonatal lethality, the function of the protein in adult animals has not been studied. Until now BNC2 was considered to have a wider tissue distribution than its paralog, BNC1, but the precise cell types expressing Bnc2 are largely unknown. We identify here the cell types containing BNC2 in the mouse and we show the unexpected presence of BNC1 in many BNC2-containing cells. BNC1 and BNC2 are colocalized in male and female germ cells, ovarian epithelial cells, sensory neurons, hair follicle keratinocytes and connective cells of organ capsules. In many cell lineages, the two basonuclins appear and disappear synchronously. Within the male germ cell lineage, BNC1 and BNC2 are found in prospermatogonia and undifferentiated spermatogonia, and disappear abruptly from differentiating spermatogonia. During oogenesis, the two basonuclins accumulate specifically in maturing oocytes. During the development of hair follicles, BNC1 and BNC2 concentrate in the primary hair germs. As follicle morphogenesis proceeds, cells possessing BNC1 and BNC2 invade the dermis and surround the papilla. During anagen, BNC1 and BNC2 are largely restricted to the basal layer of the outer root sheath and the matrix. During catagen, the compartment of cells possessing BNC1 and BNC2 regresses, and in telogen, the two basonuclins are confined to the secondary hair germ. During the next anagen, the BNC1/BNC2-containing cell population regenerates the hair follicle. By examining Bnc2 −/− mice that have escaped the neonatal lethality usually associated with lack
Introduction
Basonuclin 1 (BNC1) possesses three pairs of zinc fingers and a nuclear localization signal (NLS) (Tseng and Green, 1992) . BNC1 was hitherto thought to be very restricted in its tissue distribution as it had been found only in basal keratinocytes of stratified squamous epithelium and in certain keratinocytes of hair follicles. It was later detected in lens and corneal epithelia, and in reproductive germ cells (Mahoney et al., 1998; Tseng and Green, 1994; Tseng et al., 1999; Yang et al., 1997) . The only known function of BNC1 is that of a transcription factor in the synthesis of ribosomal RNA (Iuchi and Green, 1999) . BNC1 is essential for oogenesis and spermatogenesis (Ma et al., 2006; Zhang et al., 2012) . No function of BNC1 in hair follicles has been reported.
A gene encoding a second basonuclin (BNC2) has been discovered independently by us and by Romano et al. (2004) . The deduced amino acid sequences of BNC1 and BNC2 of the mouse are only about 44% identical, but BNC2 possesses zinc fingers and an NLS very similar to those of BNC1. The Bnc2 mRNA is thought to have a wider tissue distribution than BNC1 as it has been found not only in skin and testis, but also in tissues that were considered to be devoid of BNC1 . Disruption of the Bnc2 gene in mice causes neonatal death associated with cleft palate and craniofacial abnormalities. This phenotype results from a direct effect of BNC2 on the multiplication of craniofacial mesenchymal cells (Hervé et al., 2012; Vanhoutteghem et al., 2009 Vanhoutteghem et al., , 2011 . BNC2 is also found in prospermatogonia (gonocytes) and spermatogonial stem cells, where it acts as a repressor of both meiosis and mitosis (Vanhoutteghem et al., 2014) . In the human, BNC2 has been associated with susceptibility to ovarian cancer (Goode et al., 2010; Song et al., 2009; Winham et al., 2014) , urethral abnormalities (Bhoj et al., 2011) and adolescent idiopathic scoliosis (Ogura et al., 2015) .
Using newly developed antibodies and the Ayu21-18 mice, whose Bnc2 gene is disrupted by lacz (Vanhoutteghem et al., 2009) , we identify the cell types containing BNC2 in the mouse and we show that most of these cell types also contain BNC1. Taking advantage of a small number of Bnc2 −/− mice that have survived into adulthood because their palates have closed, we show that adult mice lacking BNC2 present a complex syndrome associating dwarfism, infertility, developmental abnormalities of palatal rugae and inability of hair follicles to cycle. We also demonstrate that expression of Bnc1 instead of Bnc2 does not correct the cleft palate and the lethality caused by lack of BNC2.
Material and methods

Mice
All mice were housed and used at the central animal facility of the Neuroscience Institute of Université Paris Descartes under an approved institutional animal care and use committee protocol following the national guidelines for the care and use of laboratory animals. We used the Ayu21-18 mouse line whose Bnc2 gene is disrupted by a lacz-containing vector.
Histological analysis
For indirect immunofluorescence staining, samples were snap frozen in OCT (Miles) and isopentane, and sectioned (6 μm) using a cryomicrotome. Sections were fixed in 4% formaldehyde for 5 min on ice, permeabilized in PBS containing 0.2% Triton X-100. Nonspecific sites were blocked with 5% BSA in PBS and sections were stained with primary antibodies as described earlier (Vanhoutteghem and Djian, 2007) . Antibodies used are listed in Table S1 .
For both histochemical detection of β-galactosidase activity and hematoxylin/eosin staining, samples were successively incubated in 4% formaldehyde for 1 h, in PBS containing 15% sucrose for 3 h, in PBS containing 30% sucrose overnight and finally snap frozen in OCT and isopentane. Samples were cut with a cryomicrotome at −27°C and sections (7 μm) were stained in the presence of X-gal overnight at 37°C or in the presence of hematoxylin and eosin. For examination of palate and teeth, newborn heads were fixed in Bouin's solution for 24 h. Photographs were then acquired on 20 consecutive planes and reconstituted using Adobe Photoshop CS4.
Measurement of GH and IGF levels
Circulating growth hormone and IGF1 levels were measured by ELISA on two one-month-old Bnc2 −/− mice and two wt mice of the same age. Measurements were carried out at the Clinique de la Souris, Illkirch, France.
Production of Bnc1 knockin mice (Bnc2
KIBnc1/KIBnc1 ) 2.4.1. Generation of mouse Bnc1 cDNA For producing Bnc1 knockin mice, it was first necessary to generate the complete cDNA for mouse BNC1. This cDNA was produced in two fragments that were then joined together. The very GC-rich 5′ region (220 bp) was synthesized chemically while the rest of the cDNA (about 3 kb) was amplified by RT-PCR.
RNA was prepared from mouse keratinocytes propagated in low calcium medium, on collagen-coated Petri dishes, in the presence of 3T3-J2 feeder cells. 3T3-J2 cells were maintained and treated with mitomycin C, as described previously . Skin fragments of newborn mice were rinsed several times in PBS and floated (epidermal side up) in HEPES buffered saline containing 0.5 mg/ml thermolysin (Sigma) for 45 min at 37°C. The epidermis was then peeled off with forceps and disaggregated in a trypsinizing flask for 15 min at 37°C in the presence of 0.25% trypsin and 0.02% ethylenediamine tetraacetic acid. Then cells were sedimented by centrifugation for 5 min at 800 ×g and plated on collagen-coated Petri dishes containing mitomycin-treated 3T3-J2F cells (2.5 × 10 4 3T3 cells/cm 2 ) and cultivated as previously described (Allen-Hoffmann and Rheinwald, 1984; Simon and Green, 1985) except that the medium was a 3:1 mixture of Dulbecco-Vogt and F12 medium (Life Technologies, low calcium DMEM).
First strand synthesis was initiated with oligo(dT) from 5 µg of total RNA prepared from cultured mouse keratinocytes. The Bnc1 cDNA was then amplified with an EcoRI-site containing sense primer in the 3' region of exon 1 (5'-GGAATTCCAGCGGCTGCAGGATGGC-3') and an XbaI-site-containing antisense primer in exon 5 (5'-GCTCTAGATGGCTTGTTACTGGAGGTG-3'). PCR conditions were 30 cycles at 95°C for 1 min, 59°C for 1 min and 68°C for 4 min in the presence of Pfu Turbo DNA polymerase (Stratagene). After being digested with EcoRI and XbaI, the PCR product was ligated to pGEM-3Zf(-) (Promega). The resulting plasmid (pGEM-Bnc1) was then digested with EcoRI and BamHI (internal site in the Bnc1 cDNA). The 5′ GC-rich region of the cDNA (226 bp, containing the BamHI internal site) was synthesized by Eurofins MWG Operon (Ebersberg, Germany) and cloned into pCR2.1 (5′ and 3′ cloning sites were EcoRI and BamHI). The resulting plasmid was digested with EcoRI and BamHI and the insert was cloned into pGEM-Bnc1 previously digested with EcoRI and BamHI, thus generating a plasmid containing the entire mouse Bnc1 cDNA coding region but neither the 5′ nor the 3′ untranslated regions. The sequence of the cDNA was verified by Eurofins MWG Operon.
Plasmids used for knockin
We used the Cre expression vector pCAGGS-Cre (Araki et al., 1995) . The replacement vector was assembled from components of pSP73 (Promega), the lox KR3 sequence (Araki et al., 2010) , the splice acceptor (SA) sequence of the mouse En-2 gene, the cDNA for BNC1, the FRT sequence, the mouse phosphoglycerate kinase-1 (Pgk) gene promoter, the puromycin N-acetyltransferase (Pac) gene and the loxP sequence.
ES cell cultures
ES cells were cultivated in KSR-GMEM medium consisting of Glasgow Minimum Essential Medium (GMEM) (Sigma) with 1× MEM nonessential amino acids (Gibco Invitrogen), 0.1 mM β-mercaptoethanol, 1 mM sodium pyruvate, 1% FBS (Hyclone), 14% Knockout™ Serum Replacement (KSR; Gibco), and 1100 U/ml leukemia inhibitory factor (ESGRO, Chemicon). For neutralization of trypsin, FBS-GMEM in which the KSR in KSR-GMEM was replaced with FBS (final concentration, 15% FBS) was used (Taniwaki et al., 2005) . Replacement by Cremediated recombination in ES cells was performed as described previously (Araki et al., 1999 (Araki et al., , 2010 .
Analysis of DNA
ES cells were lysed with sodium dodecyl sulfate/proteinase K, treated with 1:1 (vol/vol) phenol/chloroform, precipitated with ethanol, and dissolved in 10 mM Tris-HCl, pH 7.5 containing 1 mM ethylenediamine tetraacetic acid. Genomic DNA (6 μg) was digested with appropriate restriction enzymes, resolved by electrophoresis in a 0.9% agarose gel, and blotted onto a nylon membrane (Roche). Hybridization was performed using a DIG DNA Labeling Kit (Roche). For PCR detection of the 5′ junction, DNA (50 ng) was subjected to 30 cycles of amplification (30 s at 94°C, 60 s at 60°C and 60 s at 72°C, using KOD-FX DNA polymerase (Toyobo Life Science). The primer sequences were as follows: SA-125 (5′-CTCCTGGGAACTCTACTGCC-3′) and Bnc1-2 (5′-CTTGGTCTCTCCAA AGCGAAG-3′).
Production of mouse strain and genotyping
Chimeric mice were produced by aggregation of ES cells with eightcell embryos of ICR mice (Nippon Clea). Chimeric male mice were mated with C57BL/6 J females (Nippon Clea) to obtain F1 heterozygotes. Genotyping was performed by multiplex PCR on mouse tail DNA. One pair of primers (5′-GTGCGTGCATGCATGTTTG-3′ and 5′-GAAGTCCCAT ATCAGATATCC-3′) hybridized to Bnc2 intronic sequences on both sides of the insertion site and therefore produced a fragment only from the wt Bnc2 allele: the large size of the vector in the Bnc2
KIBnc1 allele prevented amplification. The other pair (5′-AGCGGCTGCAGGATGG CTGA-3′ and 5′-CCGGAATTCGGATGTAATCCTGAAGCGT-3′) was specific to Bnc2 KIBnc1 because each primer hybridized to a different exon and their combination could therefore amplify an intronless cDNA fragment in Bnc2
KIBnc1
, but not the corresponding wt fragment in the gene. Amplification was for 30 cycles at 95°C for 1 min, 57°C for 1 min and 72°C for 1 min.
RT-PCR
Total RNA (5 μg) was primed with oligo(dT). Forward and reversed primers used for analyzing gene expression in knockin mice were:
5′-GCTGCACTTGACAACCAGCAT-3'and 5′-ATGTTTACACTGATCACA CGTCC-3'for Bnc2; 5′-GTGGCCCAGACGGCCAGA-3'and 5′-CCGGAATTCG GATGTAATCCTGAAGCGT-3′ for the wt Bnc1 allele; 5′-CCCGAAAACCAA AGAAGAAG-3′ and 5′-CCGGAATTCGGATGTAATCCTGAAGCGT-3′ for the Knockin Bnc1 allele; 5′-CACCAGTTCGCCATGGATGAC-3'and 5′-AATGCCTGTGGTACGACCAGA-3′ for Actin. PCR conditions were 1 min 95°C, 1 min 59°C, 1 min 72°C, 30 cycles for actin and 35 cycles for Bnc1 and Bnc2.
Results
We further characterize here the previously described Ayu21-18 mouse line, which carries a gene-trap insertion within the Bnc2 locus (Vanhoutteghem et al., 2009) . Since the present study relied largely on immunological staining with anti-BNC1 and anti-BNC2 antibodies, it was important to demonstrate the specificity of these antibodies (listed in Table S1 ). The specificity of the anti-BNC1 staining was demonstrated by the fact that both the anti-BNC1 434-704 antibody developed by us and the anti-BNC1 3-994 antibody raised by Dr. Shiro Iuchi (Iuchi and Green, 1997) produced undistinguishable staining patterns in all the organs that we examined. To assess the specificity of the BNC2 staining we relied on the fact that three anti-BNC2 antibodies produced identical staining patterns in wt Ayu21-18 mice. Moreover, the pattern of BNC2 immunostaining was always identical to that produced by in situ detection of β-galactosidase activity in heterozygous Ayu21-18 mice. Demonstration of the specificity of the antibodies is given all along the Results section and in Fig. S1A -G. The anti-BNC2 antibody did not cross-react with BNC1 as no BNC2 signal was detected in the bnc2 mutant mice, although these mice possessed normal levels of BNC1 ( Fig. S1H-J) . Reciprocally, the anti-BNC1 antibody did not stain BNC2 since cell types containing BNC2 and no BNC1 were detected in various organs. The absence of detectable β-galactosidase in the wt mice confirmed the validity of the results obtained after X-gal staining in heterozygous mice ( Fig. S1K-N) .
3.1. The basonuclins in ovary 3.1.1. BNC2 is found in surface epithelial cells, thecal cells and maturing oocytes, but not in primordial oocytes In newborn ovary, BNC2 was present in cells on the outer surface and in numerous interstitial cells (Fig. 1A) . In order to determine whether the BNC2-containing cells within the ovary were somatic cells or primordial oocytes, we double-stained the ovary for BNC2 and SYCP3, a marker of early meiotic cells (Lammers et al., 1994) . Oocytes did not contain BNC2, which was instead found in a fraction of the somatic cells (Fig. 1B-E) . We could not determine whether these cells were theca or granulosa precursor cells. Since in adult mice, BNC2 was present in thecal cells and absent from granulosa cells (see below), we presumed that this was also true for newborns.
We then double-stained ovarian sections of two-month-old mice for BNC2 and VASA, an RNA helicase specific to the germ cell lineage (Castrillon et al., 2000) . Although, rabbit antibodies were used to detect both proteins, BNC2 and VASA could be distinguished because BNC2 is nuclear while VASA yields punctuate cytoplasmic staining. No BNC2 was detectable in primordial oocytes (Fig. 1F) . In contrast, the oocyte nuclei of maturing follicles were brightly stained (Fig. 1G) . We may conclude that expression of the Bnc2 gene is induced during oocyte maturation. As in newborn mice, the outer surface epithelium contained abundant BNC2 (Fig. 1G ). Double staining with a polyclonal antipankeratin antibody and the monoclonal anti-BNC2 antibody confirmed the epithelial nature of the BNC2-containing cells at the outer surface of the ovary (Fig.1G-I ).
3.1.2. The absence of BNC2 affects neither epithelial nor thecal cells but disrupts oocyte maturation
We thought that lack of BNC2 might affect the ovarian cell types normally containing the protein. A recently described Bnc2 −/− zebrafish has been shown to present epithelial ovarian abnormalities, particularly an excess of somatic cells (Lang et al., 2009) . As decreased BNC2 expression has been associated with an increased risk of ovarian cancer (Goode et al., 2010; Song et al., 2009) We then examined the ovaries of two 30-day-old Bnc2 −/− mice. No epithelial abnormalities were detected. In contrast, the follicles appeared highly abnormal and most mutant oocytes showed signs of degeneration with irregular edges and vacuolized cytoplasm; no welldeveloped antral follicles with a typical crescentic cavity were visualized in the mutant mice, although such follicles were found in the wt littermates (Fig. 1J, K) . The presence of abnormalities restricted to developing and maturing oocytes was in keeping with the appearance of the protein in maturing oocytes (Fig. 1F, G) .
3.1.3. BNC1 is found in outer surface epithelial cells, in primordial oocytes of newborn mice and in maturing oocytes The mRNA for BNC1 is known to be present in oocytes, but the ovarian distribution of the protein has never been studied. BNC1 possesses an important function in the ovary since knockdown of the gene in oocytes causes subfertility through impairment of both oogenesis and early development (Ma et al., 2006) . We were surprised to find that immunostained BNC1 was present in the outer surface epithelium of the ovary, an epithelium not previously known to contain the protein. BNC1 was also detected in a small number of cells within the stroma ( Fig. 2A) . Double staining for BNC1 and SYCP3 showed that intraovarian BNC1-containing cells were oocytes. The protein was more abundant in leptotene oocytes, characterized by punctuated SYCP3, than in zygotene oocytes identified by filamentous SYCP3 (Fig. 2B-E) .
We sought to determine whether BNC1 was found in oocytes of sexually mature animals and we carried out double staining for BNC1 and VASA. BNC1 was undetectable in primordial oocytes (Fig. 2F ), but became very abundant in the nuclei of maturing oocytes (Fig. 2G) . We conclude that BNC1 is abundant in leptotene oocytes, virtually disappears when oocytes reach the zygotene stage, reappears in the growing oocytes at later stages of follicular development and remains present during further stages of follicular development and maturation. Thus both basonuclins appear synchronously during oocyte maturation.
3.2. In testis, BNC1 is found in the tunica albuginea and in the germ cell lineage where it is specific to prospermatogonia and spermatogonia
We have recently demonstrated that BNC2 is specific to the most primitive germ cells in testis: prospermatogonia in the fetus and the newborn, undifferentiated spermatogonia in the adult. In prospermatogonia BNC2 is required to repress both meiosis and mitosis, while in spermatogonia it is required for meiosis progression and maintenance of the stem cell pool (Vanhoutteghem et al., 2014) . Previous studies on the distribution of BNC1 in male germ cells have yielded conflicting results. In one study, BNC1-containing cells were found distributed over the entire seminiferous epithelium, including spermatogonia, spermatocytes, and spermatids. BNC1 moved from the nucleus to the cytoplasm during spermiogenesis to eventually become localized in the mid-piece of mature spermatozoa (Mahoney et al., 1998) . This translocation has been thought to be regulated by HSF2BP, a testis specific heat shock transcription factor 2 binding protein (Wu et al., 2013) . In another study, BNC1 was found in the centrosome, mitochondria and acrosome of developing spermatids and was absent from nuclei (Yang et al., 1997) .
To clarify this issue, we examined sections of mouse testis for the presence of BNC1 at different postnatal ages. The timing at which the different kinds of spermatogenic cells appear is precisely known. Prospermatogonia are present in the center of the cords in newborns. By day 6 after birth, germ cells have attached to the basement membrane and have become type A spermatogonia. Type A and type B spermatogonia are found on day 8 after birth. Primary spermatocytes appear on day 10 (Bellvé et al., 1977) . In newborn mice, BNC1 was confined to the germ cells and the connective cells of the tunica albuginea when the anti-human BNC1 434-704 antibody was used. In both cell types the protein was nuclear. BNC1 was absent from all testicular interstitial cells, including Leydig, Sertoli and peritubular myoid cells (Fig. 3A) . Staining with the anti-BNC1 antibody developed by Dr. Shiro Iuchi (Iuchi and Green, 1999) produced the same staining pattern (Fig. 3B ). Double staining of newborn testis for BNC1 and BNC2 showed the colocalization of the two proteins in the nuclei of prospermatogonia, identified by their luminal position in the testicular cords ( Fig. 3C -E).
On postnatal day 8, BNC1 was present in many basal cells, presumably spermatogonia, and was absent from all suprabasal cells. Double staining for BNC1 and promyelocytic leukemia zinc finger protein (PLZF), a marker of undifferentiated spermatogonia (Buaas et al., 2004; Costoya et al., 2004) , showed that all the PLZF-containing spermatogonia also possessed BNC1, but the presence of BNC1 extended to some PLZF-negative basal cells, probably differentiating spermatogonia ( Fig. 3F-H ). On the 15th day after birth, BNC1 was restricted to basal cell, presumably spermatogonia; the protein was undetectable in spermatocytes (Fig. 3I ). On postnatal day 30, BNC1 was detected in the nuclei of some basal cells; no BNC1 was detected in either spermatocytes or round spermatids, but the acrosomes of elongated spermatids were stained (Fig. 3J) . In order to confirm these results, we repeated the immunofluorescence staining using the anti-BNC1 antibody generated by Shiro Iuchi. Results were similar to those obtained with the antihuman BNC1 antibody except that the acrosomes were not stained. Instead punctuate staining of the elongated spermatids outside the acrosome was observed (Fig. S1A ). Acrosome immunostaining for BNC1 has been reported earlier (Mahoney et al., 1998; Yang et al., 1997) , but whether such staining is genuine remains doubtful. Most BNC1-containing basal cells of 30-day-old mice also contained PLZF and therefore were undifferentiated spermatogonia. BNC1 was also detected in some basal cells lacking PLZF ( Fig. 3K-M ). We conclude that the distribution of BNC1 in male germ cells is virtually identical to that of BNC2 since both basonuclins are largely specific to the most primitive cells: prospermatogonia and undifferentiated spermatogonia. 3.3. Bnc2 is expressed in the perichondrium and the growth plate of long bones, and Bnc2 −/− mice show dwarfism
In a previous study, we had shown that Bnc2 lacz was strongly expressed in the perichondrium and the periosteum of the head, but not within cartilage and bone (Vanhoutteghem et al., 2009 (Vanhoutteghem et al., , 2011 . In the present study, a strong expression of Bnc2 lacz was found in the perichondrium of all the elastic and hyaline cartilages examined (Fig. 4A , B) as well as in the nucleus pulposus of the intervertebral disks (Fig. 4C ). Although Bnc2 lacz was generally not expressed in the chondrocytes themselves, the growth plate of long bones constituted one exception ( Fig. 4D ). In contrast to BNC2, BNC1 was not detected in the perichondrium of the nose. Although we did not examine other perichondria, we suspect that BNC1 is absent from all perichondria. We observed that Bnc2 −/− mice were always smaller at birth than their heterozygous or wt littermates: their weight was 70-80% that of wt newborns (Fig. 4E ). Over the course of this study, we obtained six Bnc2 −/− mice that survived the neonatal period. All these mice showed severe dwarfism, with weights between 25 and 30% those of normal postnatal mice (Fig. 4F ). Therefore BNC2 is necessary for both fetal and postnatal growth, but more so for postnatal growth. The dwarfism observed in Bnc2 −/− mice was proportionate, and could have resulted from reduced circulating levels of either growth hormone (GH) or insulin-like growth factor 1 (IGF1). However, no such reduction was observed. On the contrary GH and IGF1 concentrations in the adult Bnc2 −/− mouse (6.4 ng/ml and 389 ng/ml, respectively) were about twice those of the wt mouse (3.4 ng/ml and 234 ng/ml). Because BNC2 is likely to be a transcription factor (Vanhoutteghem et al., 2011) , it could conceivably control the expression of the genes encoding the receptors for GH and/or IGF1. The corresponding transcripts were examined by RNA-Seq in newborn testis, which contains abundant BNC2. No significant differences were observed between Bnc2 −/− and (Vanhoutteghem et al., 2009) . That BNC2 acts downstream of GH and IGF1 is a formal possibility.
BNC1 and BNC2 in connective cells of organ capsules
β-galactosidase staining of heterozygous Ayu21-18 mice revealed expression of the bnc2 gene in the cells that encapsulate body organs. High enzymatic activity was detected in the meninges (Fig. 5A ), the perineurium (Fig. 5B) , the aponeuroses, and the renal capsule (Fig. 5C ). In small intestine, Bnc2 lacz was expressed in the submucosa, the serosa and the two layers of smooth muscle that lie between the serosa and the submucosa (Fig. 5D, E ). This was confirmed by immunofluorescence staining: two consecutive sections of the small intestine were stained, one with a polyclonal antibody to BNC2, and the other with a polyclonal antibody to α smooth muscle actin. BNC2 was confined to the cells in the serosal coat, the submucosa and the two smooth muscle layers ( Fig. 5F ) identified by the presence of smooth muscle actin (Fig. 5G) . We then wondered whether BNC1 was, like BNC2, present in organ capsules. Indirect immunofluorescence staining of newborn mice for BNC1 showed the presence of BNC1 in the cells that encapsulate the gastrointestinal tract (Figs. 5H, I and S1B) and the bladder (Figs. 5J and S1C). Staining for smooth muscle actin demonstrated that the BNC1-containing cells lay in the serosa, outside of the layer of smooth muscle (Fig. 5K, L) . Since we also found BNC1 in the tunica albuginea of the testis (Fig. 3A, B ) and in the renal capsule, we suspect that the protein is present in all organ capsules. Previous studies had failed to detect BNC1 in body organs, presumably because these studies relied on RNA analysis of whole organs and therefore lacked the sensitivity required to detect the small amount of Bnc1 RNA present in the capsules (Tseng and Green, 1994) .
BNC2 and BNC1 in sensory neurons
Immunofluorescence staining of the spinal cord of newborn mice with several anti-BNC2 antibodies showed the presence of BNC2 in numerous cells of the dorsal root ganglia and in some cells of the posterior region of the spinal cord (Figs. 6A and S1E and F). Staining for β-galactosidase confirmed the results of immunostaining (Fig. S1G) . BNC1 was also detected in dorsal root ganglia but in a lesser number of cells. BNC1 was absent from the spinal cord (Fig. 6B) . Double staining for BNC2 and NeuN, a nuclear marker of neurons (Mullen et al., 1992) , demonstrated that BNC2 was found in all neurons and was absent from glial cells (Fig. 6C-F) . It was confirmed by double staining for BNC2 and BNC1 that BNC1 was found in a fraction of the neurons (Fig. 6G-J) . Examination by hematoxylin/ eosin staining of the spinal cord and dorsal root ganglia of newborn Bnc2 −/− mice and of two adult mutant mice showed no obvious abnormalities. Since BNC2 was found in sensory neurons of dorsal root ganglia, we wondered whether sensory ganglia of the central nervous system also contained the protein. Coronal sections of Bnc2 +/− newborn heads stained with X-gal showed that the vestibulocochlear and trigeminal ganglia both expressed Bnc2; no Bnc2 expression was detected in brain outside of sensory ganglia. Fig. 6K shows intense Bnc2 expression in the trigeminal ganglion; enzymatic activity was confined to the cell bodies of the incoming sensory fibers (Fig. 6L) . Staining of an adjacent section with eosin alone illustrated neuronal bodies intensely stained with eosin in the external part of the ganglion where β-galactosidase activity was detected (Fig. 6M ). More posterior sections illustrated staining of vestibulocochlear ganglion (Fig. S2) . Thus, in the nervous system, BNC2 was largely confined to the pseudo-unipolar neurons of sensory ganglia, i.e., the trigeminal, vestibulocochlear and dorsal root ganglia.
3.6. BNC2 in hair follicles 3.6.1. BNC2 is absent from epidermis but is found in hair follicles where it is largely colocalized with BNC1 The Bnc2 mRNA is abundant in mouse skin, but whether the protein occurs in the epidermis or the hair follicles is not known (Romano et al., 2004; . We studied the expression of Bnc2 in mouse epidermis and hair follicles by β-galactosidase and indirect immunofluorescence staining; we compared the expression of Bnc2 to that of Bnc1. BNC1 is known to be specific to the basal keratinocytes of the epidermis and the lower segment of the hair follicle. In mouse epidermis, BNC1 is cytoplasmic. In hair follicles, BNC1 is nuclear, except in some supramatrical cells where it is cytoplasmic (Iuchi et al., 2000; Weiner and Green, 1998) .
X-gal staining of Bnc2 +/− adult mice showed that the Bnc2 gene was expressed in hair follicles but not in epidermis. β-galactosidase activity was confined to the lower part of hair follicles (Fig. 7A) . The distribution of BNC1 and BNC2 in newborn epidermis was then examined by double staining using the polyclonal anti-BNC1 434-704 antibody and the monoclonal anti-BNC2 661-784 antibody. At the time of birth, hair follicles are at various stages of maturation. Some follicles are just beginning to form, while others have developed hair bulbs and elongated further in the dermis. In incipient hair follicles, strong BNC2 nuclear staining was confined to the lower segment of the follicles (Fig. 7B, C) . BNC1 was, like BNC2, restricted to the lower segment of hair follicles, where it was nuclear; weak BNC1 staining was detected in the cytoplasm of basal epidermal cells (Fig. 7D) . The anti-BNC1 3-994 antibody also produced cytoplasmic staining in the basal layer of the epidermis and nuclear staining in incipient hair follicles and in the outer root sheath of more advanced follicles (Fig. S1D ). This BNC1 staining was identical to that reported by Tseng and Green using yet another anti-BNC1 antibody directed against a 131-aa sequence located near the N-terminal end of the molecule (Tseng and Green, 1994) . We concluded that the two basonuclins showed complete colocalization within the primary hair germs (Fig. 7E) . In more advanced follicles, BNC2 was also specific to the lower segment, i.e. the basal layer of the outer root sheath and the epithelial cells surrounding the follicular papilla (Fig. 7F, G) . BNC1 was also found in the basal layer of the outer root sheath, and the cells in contact with the papilla (Fig. 7H ). The only difference in the distribution of the two basonuclins was the presence of BNC2 in some suprabasal cells of the outer root sheath, whereas BNC1 was strictly confined to the basal cells (Fig. 7I) . 
BNC2 is an early marker of cells committed to follicle formation
Nuclear BNC1 is detected at the start of follicle formation (Weiner and Green, 1998) and we sought to determine whether BNC2 behaved similarly. In the case of the pelage hairs of the mouse, follicles start developing on embryonic day 13-14 (E13-E14). At the beginning of follicle morphogenesis, epithelial cells form placodes also called primary hair germs. The germ cells multiply inwards into the dermis and induce mesenchymal condensations. The continuous multiplication of the epithelial cells produces solid columns (pegs), which subsequently envelop the mesenchymal condensations and generate bulbous structures. As the follicles continue to elongate into the dermis, the epithelial cells of the hair bulb (the matrix cells) divide rapidly and their progeny migrates towards the skin surface; during their migration, these cells differentiate to form the hair and inner root sheath, both of which are encased by the outer root sheath (Hardy, 1992) .
Expression of Bnc2 during hair follicle neogenesis was studied by staining for β-galactosidase activity. On approximately E14.5, placodes could be recognized by an increase in height, cell density and protruding into the dermis of basal epithelial cells (Pinkus, 1958) . Strong Bnc2 lacz expression was observed in the cells that formed the placodes (Fig. 8A) . Therefore, BNC2 was an early marker of the primary germ cells, like BNC1 (Weiner and Green, 1998 ). On E16.5, Bnc2 lacz expression was confined to the primary hair germ, immediately adjacent to the follicular papilla anlage (Fig. 8B) . By the time of birth (P0), follicles were at various stages of development. Some follicles were just beginning to form hair bulbs. In these follicles, β-galactosidase activity was concentrated in the lower advancing end. Many follicles had developed further and possessed a clearly delineated matrix and outer root sheath. β-galactosidase activity was present in the outer root sheath and the follicular cells around the papilla (Fig. 8C ).
BNC2 defines a population of progenitor cells that expands and contracts with the hair cycle
We then examined Bnc2 lacz gene expression and localization during the first hair cycle. In mouse pelage follicles, catagen starts on the 17th day after birth and takes about two days for completion (Chase, 1954) . Catagen is a regressive phase during which cell multiplication stops and the lower two thirds of the follicle involute, leaving intact the bulge and the dermal papilla. During involution, the hair shaft rises, a club hair forms and the lower outer root sheath becomes reduced to an undulated strand of cells attached to the follicular papilla.
The strand disappears at the end of catagen and the follicle enters telogen, a resting phase with little mitotic activity. The club hair is then surrounded by the outer root sheath of the bulge, which is continuous with the secondary hair germ beneath the club (Montagna, 1962) . The cells of the secondary hair germ will regenerate the epithelial component of the follicle during the next anagen (Chase, 1954; Geyfman and Andersen, 2010; Hardy, 1992) . On day 16 postpartum, as the anagen phase was approaching its end, intense β-galactosidase activity was detected in the matrix cells where the follicular papilla is constricted by the bulb (Fig. 8D) . The outer root sheath cells were also stained with X-gal, but more weakly than the matrix (Fig. 8E) . On postnatal day 17, strong β-galactosidase activity was detected in the cells of the epithelial strand connecting the presumptive club to the follicular papilla and a weaker staining was observed in the outer root sheath (Fig. 8F) . By day 20 after birth, many follicles were in telogen. As shown in Fig. 8G , telogen follicles showed intense X-gal staining restricted to the epithelial cells surrounding the base of the follicle. These cells formed the outer root sheath encasing the lower part of the club and a peg beneath the club in close contact with the follicular papilla. There was no β-galactosidase activity in the outer root sheath near the upper part of the club. In adult mice, hair growth loses its synchronicity and telogen becomes longer than anagen (Chase, 1954) . Virtually all hair follicles of six-month-old mice studied were in telogen. In these mice, the epithelial cells surrounding the base of the follicle were specifically stained by X-gal (Fig. 8H) , as in the telogen follicles of the first cycle shown in Fig. 8G . The location of the Bnc2 lacz -expressing cells in telogen follicles coincided with that of the lower bulge and the secondary hair germ (Montagna, 1962) . We then examined vibrissal follicles of heterozygous Ayu21-18 mice on E16.5. The large size of vibrissal follicles permitted precise delineation of the expression pattern. The development of vibrissal follicles is basically identical to that of pelage hair follicles but occurs earlier, and on E16.5 vibrissal follicles have already produced whiskers (Davidson and Hardy, 1952) . On E16.5, β-galactosidase activity was detected in the matrix cells. The outer root sheath, which formed a deep bulge, was also strongly stained (Fig. 8I) .
In order to determine whether BNC2 was located in the lower bulge or in the secondary hair germ, we double-labeled hair follicles for CD34 and BNC2. CD34 is considered to be a reliable marker of bulge cells (Trempus et al., 2003) and is absent from the secondary hair germ (Myung and Ito, 2012) . In 3-month-old animals, most hair follicles were in telogen. In such follicles, the bulge and the secondary hair germ can be clearly delineated since the bulge is formed by the outer root sheath surrounding the club, whereas the peg below the club corresponds to the secondary hair germ. BNC2 was found in both the CD34-positive bulge cells and the CD34-negative cells of the secondary hair germ, but was more abundant in the latter (Fig. 8J-M) . BNC1 also predominated in the secondary hair germ and was found at much lower levels in the bulge (Fig. 8N-Q) . Therefore the two basonuclins appeared to be largely specific to the secondary hair germ although some protein was also present in the bulge.
BNC2 during follicle regeneration
It has been known for a long time that the plucking of club hairs from telogen follicles induces hair production (David, 1934) ; in order to study the relative distributions of BNC2 and CD34 during anagen in adult mice, hair was plucked from the back of 3-month-old mice. When hair follicles were examined immediately after plucking, BNC2 was found in the lower part of the hair follicle below the bulge. No BNC2 was detectable in the CD34-containing cells, which define the bulge (Fig. 9A-D) . Three days after plucking, BNC2 was present in the nuclei of germ cells growing downwards and enveloping the follicular papilla. No BNC2 was detected in the CD34-positive segment of the follicles (Fig. 9E-H) . By day 7, the follicles had elongated, and the hair bulbs had substantially developed. As in the anagen follicles of the first hair cycle, BNC2 was confined to the nuclei of the epithelial cells of the outer root sheath and the matrix layer adjacent to the follicular papilla. BNC2 did not generally colocalize with CD34 except for a few cells in the bulge (Fig. 9I-L) . Thus the pattern of BNC2 distribution during follicle regeneration was similar to that of mature skin, except that the follicular segment containing BNC2 was located below the bulge and coincided almost exactly with the secondary hair germ.
BNC2 is required for progression of the first hair cycle and initiation of the second cycle
In view of the specific expression of Bnc2 in the lower segment of the hair follicle and particularly in the primary and secondary hair germs, we examined mutant mice for possible hair abnormalities. At birth, there were no observable differences between Bnc2 −/− and Bnc2 +/+ animals in either the number or the morphology of hair follicles. Well- developed anagen follicles were detected in the homozygous mutant. Two mutant mice were examined for skin abnormalities nine days after birth. At that age, bnc2 +/+ mice possessed fully-grown hair follicles that extended deeply into the hypodermis (Fig. 10A, B) . In both Bnc2 −/− mice, hair follicles tended to be shorter and the hypodermis was thinner than in the wt littermates (Fig. 10C) . The morphology of Bnc2 −/− hair follicles appeared abnormal. They were wavy and the bulbs were thin and asymmetrical, with pointed ends (Fig. 10D) . Two one-month-old Bnc2 −/− mice were examined. Although both animals had developed a full hair coat, we noticed their disheveled appearance and the sparsity of their hair. In the mouse, the hair cycle lasts about three weeks and the first two cycles are synchronized. Therefore by postnatal day 30, all hair follicles are expected to be in full anagen of the second cycle. Indeed, the hair follicles of wt and heterozygous mice had all reached the second anagen and were fully-grown (Figs. 10E and  S3A) . In heterozygous mice, Bnc2-expressing cells coincided with the germinative cell population in the matrix of the anagen follicles and at the base of the telogen follicles remaining from the first cycle (Fig. 10F) . In contrast, the hair follicles of the Bnc2 −/− mice were uniformly in telogen; the hypodermis was virtually absent; the density of hair follicles was abnormally low (Figs. 10G and S3B ). Staining for β-galactosidase activity showed that the Bnc2-expressing cells remained present at their expected location at the base of the telogen follicles (Fig. 10H) . We conclude that Bnc2 −/− follicles could complete their first cycle and reach the telogen stage, but thereafter remained blocked in telogen. This block was not due to death of the Bnc2 lacz -expressing cells, since strong β-galactosidase activity persisted in telogen mutant hair follicles (Fig. 10H) .
We suggest that BNC2 is required for the cell multiplication necessary to achieve full growth of the hair follicles during the first cycle. Regression to the first telogen is independent of BNC2. BNC2 is also required for the cell multiplication associated with the second hair cycle, and possibly the subsequent hair cycles. Such a function is in keeping with the presence of BNC2 in the secondary hair germ of telogen follicles.
3.7. The basonuclins in the palate 3.7.1. BNC1 at the epithelial seam of the developing palate BNC2 has an important function in palate development (Vanhoutteghem et al., 2009) . In order to compare the distribution of BNC1 and BNC2 in the developing palate, coronal sections of E16.5 mouse heads were stained for BNC1 and BNC2. Palatal processes have elevated and fused at this time. As previously reported (Vanhoutteghem et al., 2009 ), BNC2 was found in the mesenchymal cells of the shelves. Epithelial cells did not possess detectable BNC2 (Fig. 11A ). BNC1 was detected in the nuclei of a few epithelial cells on the oral side of the palate, at the midline where fusion of the shelves had occurred (Fig. 11B) . In more posterior sections, BNC1 was restricted to a triangular area at the midline (Fig. 11C) . No staining of the nasal epithelium outside the triangle was observed. The epithelial triangles are transitory structures thought to comprise a population of cells that is in the process of migrating from the medial edge epithelial seam to the surface of the palate. These cells then presumably become integrated in the palatal epithelium (Carette and Ferguson, 1992; Ferguson, 1988) . The presence of BNC1 in this small group of migrating cells raises the question of a possible function of BNC1 in cell migration.
Abnormalities of palatal rugae and molar teeth in Bnc2
−/− mice Examination of the palates of Bnc2 −/− postnatal mice showed that BNC2 was required for the morphogenesis of rugae. Development of the rugae begins with the formation of a placode of thickened epithelium burrowed in the mesenchyme. The mesenchyme under the placode then condenses, and protrudes in the oral cavity thus vaulting the epithelium (Peterková et al., 1987) . Mice possess eight or nine palatal rugae. Rugae, marked initially as stripes of sonic hedgehog expression, are added sequentially between embryonic days 12 and 15.5 on the lateral side of the oral surface of the developing palatal shelves (Sakamoto et al., 1989) . The posterior ruga R8 forms first, posteriorly to the molar tooth bud. Other rugae are added anteriorly to ruga 8 in the order R2, R1, R3, R4, R5, R6 and R7. Thus except for R1, all rugae are added successively between R8 and the most recently added ruga (Pantalacci et al., 2008; Welsh and O'Brien, 2009 ). Bnc2 +/+ and Bnc2 +/− mice possessed nine palatal rugae, including incomplete R7b (Fig. 11D) . The palatal rugae of the six adult homozygous mutants that we obtained in the course of this study were abnormal in both shape and number. All rugae were abnormally thin and very irregular with ragged edges. All Bnc2 −/− mice examined possessed seven rugae instead of the normal nine. The missing rugae were always intermolar ones located between R4 and R8: R7b and either R5 or R6. Other abnormalities of intermolar rugae included excessive obliquity, bifurcations, fragmentation, shortening of R7, and left/right asymmetry (Fig. 11E, F) . We conclude that BNC2 is required not only to establish the proper pattern of rugae, but also for their harmonious growth after the pattern is established. Bnc2 −/− mice showed defects in molar teeth in addition to abnormalities of intermolar rugae. The posterior molar (M3) was missing from the four hemimaxillaries in both mice examined (Fig. 11E, F) . We examined the molars of newborn Bnc2 +/− for Bnc2 lacz expression. β-galactosidase activity was detected in the alveolar bone around the molars and the incisors. Within the molar tooth germs themselves, staining was confined to the cervical loop where the inner and outer enamel epithelia join (Fig. S4A ). Bnc2 lacz was specifically expressed in the inner enamel epithelial cells of the cervical loop (Fig. S4B) , which is comprised of the ameloblast precursor cells (Harada et al., 1999; Thesleff and Tummers, 2009; Tummers and Thesleff, 2003) .
Expression of Bnc1 instead of Bnc2 does not rescue Bnc2
−/− mice from neonatal lethality
The two basonuclins coexist in a number of cell types, some of which are affected by lack of BNC2. This is the case for hair follicle keratinocytes as well as male and female germ cells. Therefore it is obvious that in these cell types, BNC1 cannot fully compensate for lack of BNC2. However it could do so partially. In order to determine whether BNC1 possessed some of the biological activity of BNC2, we generated knockin mice in which Bnc1 was expressed instead of Bnc2 and we examined the palate, a region in which BNC1 and BNC2 do not exist in the same cell types. The pU21 gene-trap vector inserted between exons 2a and 3 in the Bnc2 locus of the Ayu21-18 ES cell line (Fig. 12A ) was replaced with a vector containing a promoterless mouse Bnc1 cDNA and a constitutively expressed puromycin N-acetyltransferase gene. The Bnc1 cDNA consisted of the coding region only and included neither the 5′ nor the 3′ untranslated regions (Fig. 12B) . Vector replacement in puromycin-resistant ES cell clones (Fig. 12C ) was analyzed by PCR and Southern analyses. ES cells in which the replacement had occurred were injected into blastocysts to produce chimeric animals. These were backcrossed and yielded heterozygous KI mice (Bnc2
). RT-PCR in Bnc2 +/KIBnc1 adult mice showed expression of Bnc1 in tissues that normally express Bnc2 but not Bnc1, such as kidney and intestine. This confirmed that Bnc1 was expressed instead of Bnc2 (Fig. 12D) . Heterozygous KI mice appeared normal. They were intercrossed to generate Bnc2
KIBnc1/KIBnc1 mice. At birth, mice with the genotypes of Bnc2 +/+ , Bnc2 +/KIBnc1 and Bnc2 KIBnc1/KIBnc1 were obtained in a nearly 1:2:1 ratio. Homozygous KI mice died within a few hours after birth, with a distended abdomen (Fig. 12E ). All Bnc2 KIBnc1/KIBnc1 mice had a cleft palate, either complete (Fig. 12F, G) or limited to the posterior region. These abnormalities were very similar to those observed in Bnc2-null mice (Vanhoutteghem et al., 2009) . It was necessary to demonstrate that the Bnc1 cDNA was indeed expressed in the palatal mesenchyme instead of the Bnc2 gene. Coronal sections of the head of E16.5 wt and Bnc2
KIBnc1/KIBnc1 embryos were stained for BNC1 and BNC2. In wt embryos, BNC1 was detected on the oral side of the medial edge epithelium (Fig. 12H) , whereas BNC2 was confined to mesenchymal cells (Fig. 12I) . In homozygous knockin mice, BNC1 was found in both the epithelium and the mesenchyme (Fig. 12J ). Epithelial BNC1 must have resulted from transcription of the wt Bnc1 alleles and mesenchymal BNC1 from that of the knockin Bnc1 cDNA controlled by the Bnc2 promoter. As expected, no BNC2 was detected in the knockin (Fig. 12K) . We conclude that the BNC1 present in the nuclei of mesenchymal cells cannot compensate for the absence of BNC2. Therefore BNC1 and BNC2 possess different functions in the palate.
Discussion
BNC1 and BNC2, two proteins with nearly identical tissue distributions and very similar zinc fingers but different functions
We demonstrate here that BNC1 has a much wider tissue distribution than previously known and that this distribution largely overlaps that of BNC2. Moreover within a given cell lineage, the two basonuclin genes tend to be identically regulated. In hair follicles, cells of the secondary hair germ and the matrix express both basonuclin genes; neither basonuclin gene is expressed in the bulge cells or the differentiated progeny of the outer root sheath. Within the male germ cell lineage, BNC1 and BNC2 are both found in undifferentiated germ cells, but not in their differentiated progeny (Fig. 3) (Vanhoutteghem et al., 2014) . In sexually mature ovary, the two basonuclins are absent from primordial oocytes and appear synchronously in maturing oocytes. Therefore it is likely that expression of both basonuclin genes is largely controlled by the same regulatory elements and the same regulatory proteins.
Within the organs where the two basonuclins coexist, BNC2 tends to be more widely distributed than BNC1. For instance in hair follicles, BNC1 is limited to the basal layer of the outer root sheath, whereas BNC2 extends to suprabasal cells. In body organs, BNC1 is restricted to the outer connective cells, whereas BNC2 is also found in the neighboring smooth muscle cells (Fig. 5) . In testis BNC1 and BNC2 are both found in undifferentiated germ cells and the tunica albuginea, but BNC2 is also found in some interstitial cells (Fig. 3) . As a result, BNC1 is always found in cells containing BNC2, but BNC2 is sometimes present in cells lacking BNC1. The only exception are epidermal keratinocytes, which possess BNC1 and no BNC2, but as BNC1 is cytoplasmic in mouse epidermis, it is likely to be inactive (Iuchi et al., 2000) . All palatal rugae are ragged, irregular and abnormally thin. Intermolar rugae are excessively oblique; ruga 5 (R5) or 6 is absent. R7b is also missing. Palate in (F) shows left/right asymmetry of intermolar rugae and bifurcated left R4.
BNC2 and ovarian cancer
Allelic variants of BNC2 have been associated with an increased risk of ovarian cancer in women (Song et al., 2009 ). The decrease in BNC2 gene expression observed in ovarian tumors and ovarian cancer cell lines has suggested that BNC2 acts as an anti-oncogene (Goode et al., 2010) . Over 90% of ovarian cancers originate from epithelial cells, but the epithelium of origin has remained controversial. The ovarian surface epithelium, the fimbrial epithelium of the Fallopian tube (Dubeau, 1999; Medeiros et al., 2006) and the transitional region between the two (Flesken-Nikitin et al., 2013) have been incriminated. The epithelial cells of the ovarian surface, of the Fallopian tube and of the transitional region all contained high levels of BNC2. These epithelial cells did not appear to multiply more in the absence of the protein. However our study was mostly limited to newborn mice because of the neonatal lethality associated with lack of BNC2 and it will have to be determined whether adult Bnc2 −/− mice are especially prone to ovarian cancer.
The function of BNC2 in bone
We had previously demonstrated that BNC2 is required for the proper fetal growth of craniofacial bones through a direct effect on the proliferation of mesenchymal cells (Vanhoutteghem et al., 2009 ). We show here that Bnc2 is expressed in the growth plate of long bones and that adult mutant mice show severe dwarfism. It can be assumed that BNC2 is necessary for the proper multiplication of the chondrocytes in the growth plate. Such a direct action would be in keeping with the recent discovery that polymorphic BNC2 alleles associated with transcriptional overexpression predispose to adolescent idiopathic scoliosis and that injection of BNC2 mRNA in zebrafish embryos causes body curvature in a dose-dependent manner (Ogura et al., 2015) .
BNC2 and development of ectodermal appendages
Ectodermal appendages include hair follicles, salivary glands, teeth and palatal rugae. All of these structures originate from the surface ectoderm and share a specific pattern of development involving epithelialmesenchymal interactions. In the head, most sensory neurons are also derived from ectodermal (neurogenic) placodes and then migrate internally to the site of ganglion formation (Blentic et al., 2011; D'Amico-Martel and Noden, 1983) . The mesenchyme is thought to regulate the morphogenetic events of the various ectodermal organs (Jiménez-Rojo et al., 2012; Pispa and Thesleff, 2003) . During embryogenesis, a pluripotent stem cell population must be present in the placode and this stem cell must be different from those in the surrounding epithelium. The stem cells in the placode then generate adult stem cells specific for each appendage.
When hair follicle placodes start to form, the Bnc2 gene is expressed in all the epithelial cells of the placode; expression then becomes restricted to the advancing edge of the peg. In the hair follicle, BNC2 is specific for a population of progenitor cells (Fig. 8A, B) . In molar teeth, expression of Bnc2 is restricted to the cervical loop where the ameloblast precursors reside (Fig. S4) . We conclude that BNC2 is an early marker of cells committed to the formation of ectodermal appendages and then becomes restricted to a small population of cells, which includes the stem cells. BNC2 appears to have a general function in ectodermal appendages: Bnc2 −/− mice showed abnormalities of hair follicles ( Fig. 10 ) and palatal rugae (Fig. 11) . The function of BNC2 could be related to either cell multiplication or cell migration. A number of signaling pathways regulate the development of ectodermal appendages. Such pathways include bone morphogenetic proteins, notch, wnt, fibroblast growth factors, sonic hedgehog and ectodysplasin A (Jiménez-Rojo et al., 2012) . Whether BNC2 regulates or is regulated by any of these pathways will have to be determined.
The function of BNC2 in hair follicles
The initiation of follicle development is associated with abundant nuclear BNC2 and large amounts of the protein are found in the primary hair germs. As germ cells advance into the dermis, cells possessing BNC2 become concentrated near the leading edge of the hair peg; the protein disappears from the hair peg cells nearest the epidermis. Thus the hair peg becomes divided into an upper segment lacking BNC2 and a lower segment containing the protein, and this distinction is maintained in all subsequent stages of the hair cycle.
With formation of the hair bulb and the start of follicle differentiation, BNC2 becomes confined to the basal cells of the outer root sheath and to the basal matrix layer adjacent to the follicular papilla. This pattern thus defines a basal layer of epithelial cells that envelops the lower follicle. Most of the BNC2-containing cells disappear as the follicles regress, but a small number survive and form the base of the secondary hair germ during telogen. Throughout the hair cycle, the cell population possessing BNC2 includes cells with the ability to multiply. BNC2 is absent from portions of the hair follicles associated with terminal differentiation, such as the supramatrical region where cells differentiate into the inner root sheath, hair cuticle and cortex. In the upper half of the hair bulb, cortical keratins are induced when matrix cells leave the basal layer (Moll et al., 1988a (Moll et al., , 1988b ; thus the loss of BNC2 by these matrix cells correlates with terminal differentiation.
The lower segment of the follicle cyclically forms the structures related to hair production and BNC2 is specific to this segment. Following initiation of anagen, the lower segment advances from the secondary hair germ, which undergoes a burst of proliferation and invades the dermis (Wilson et al., 1994) ; the secondary hair germ is located below the bulge, a variable structure that marks the lower segment's permanent upper boundary. The stem cells that maintain the cycling behavior of the hair follicle have been identified by one of two properties: their ability to incorporate and retain labeled nucleotides, or their growth potential in culture. Both methods have placed the stem cells of rodent hair follicles in the bulge region (Cotsarelis et al., 1990; Kobayashi et al., 1993) . The bulge cells have also been shown to be biochemically different from the cells of the hair germ, as they synthesize distinctive proteins such as CD34 (Trempus et al., 2003) and S100A4 (Ito and Kizawa, 2001) . In telogen follicles, the cells possessing BNC2 are located between the CD34-bearing cells and the papilla; therefore the BNC2-containing cell population corresponds exactly to the secondary hair germ (Myung and Ito, 2012) , and during regeneration of the follicle after plucking, the BNC2-containing cells represent the actively dividing cell population that invades the dermis from the hair germ. The results presented here show that the cycling segment of the follicle originates from cells containing BNC2. Such an origin is particularly clear in the case of the primary and secondary hair germs, in which a small number of cells containing BNC2 constitute the progenitors of the following cycle. BNC2 is required for the cell multiplication that marks the beginning of anagen, since in the absence of the protein, hair follicles remain blocked in telogen.
It is thought that during the transition from late telogen to early anagen, the epithelial stem cells that are in contact with the dermal papilla are activated by the papilla and start multiplying (Chase, 1954; Cotsarelis et al., 1990) . The secondary hair germ is believed to represent a stem cell population that is activated before the bulge stem cells (Greco et al., 2009; Panteleyev et al., 2001 ) in response to cyclic signaling by the dermal papilla (Gat et al., 1998; Plikus et al., 2008; Van Mater et al., 2003) . Our results demonstrate that selective synthesis of BNC2 by the cells of the secondary hair germ is required for the burst of cell proliferation that marks the beginning of hair regeneration. As BNC2 is specifically found in the cells of the outer root sheath and of the matrix during hair regeneration, it appears likely that BNC2 is required for the extension of the outer root sheath and the generation of the matrix, whose cells undergo several rounds of proliferation before their terminal differentiation. Stem cell activation is thought to require bone morphogenetic protein (BMP) inhibition (Plikus et al., 2008; Zhang et al., 2006) and Wnt activation together with β-catenin stabilization (Gat et al., 1998) . These two signaling pathways require the presence of BNC2 in order to lead to stem cell activation.
There is much evidence in support of the notion that basal cell carcinomas are derived from hair follicle stem cells rather than interfollicular epidermis (Cotsarelis et al., 1990; Peterson et al., 2015; Wang et al., 2011) . Human basal cell carcinomas have been shown to highly overexpress the BNC2 gene (O'Driscoll et al., 2006) . These data collectively suggest that basal cell carcinomas arise from the BNC2-containing population of the hair follicle and that BNC2 is required for the multiplication of these cells.
Conclusions
BNC1 and BNC2 are thought to be transcription factors. Some of the zinc fingers of BNC1 are nearly identical to those of BNC2, while other fingers, such as the third and fifth, are rather different. The two basonuclins largely operate in the same cell types. Yet in spite of all their similarities, the two basonuclins have different functions and cannot compensate for each other. It appears likely that differences in the second and third pair of zinc fingers might explain why the two basonuclins bind different targets. Sequences outside the zinc fingers might also modify the recognition system of the basonuclins.
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